Patterns of biodiversity are often explained by ecological processes, where traits that promote novel ways of interacting with the environment (key innovations) play a fundamental role in promoting diversification. However, sexual selection and social competition can also promote diversification through rapid evolution of ornamental traits. Because selection can operate only on existing variation, the tendency of ornamental traits to constrain or enable the production of novel phenotypes is a crucial but often overlooked aspect of diversification. Starlings are a speciose group characterized by diverse iridescent colors produced by nanometer-scale arrays of melanin-containing organelles (melanosomes) that play a central role in sexual selection and social competition. We show that evolutionary lability of these colors is associated with both morphological and lineage diversification in African starlings. The solid rod-like melanosome morphology has evolved in a directional manner into three more optically complex forms that can produce a broader range of colors than the ancestral form, resulting in (i) faster color evolution, (ii) the occupation of novel, previously unreachable regions of colorspace, and ultimately (iii) accelerated lineage diversification. As in adaptive radiations, key innovations in ornament production can provide high phenotypic trait variability, leading to dramatic effects on the tempo and mode of diversification.
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biophotonics | macroevolution | phylogenetics | structural color | Sturnidae A daptive radiation-the rapid ecological diversification of related species triggered by ecological opportunity like colonization of novel environments (1)-is one of the central processes responsible for the observed diversity of life, and its study has provided a powerful framework for understanding patterns of animal and plant diversification. Adaptive radiations are characterized by rapid lineage diversification and/or accumulation of morphological disparity resulting from ecological opportunity (2, 3) , such as upon the colonization of islands (4) . Many classic examples of adaptive radiations, such as the Galapagos finches (5), Hawaiian Drosophilids (6, 7), Caribbean anoles (8) , and African cichlid fishes (9, 10), exemplify this pattern. However, ecological opportunity may also emerge due to intrinsic properties of a lineage or clade (3, 11) . Traits known as "key innovations" [i.e., features that allow organisms to interact with the environment in novel ways (12) ] relax constraints of adaptive evolution and/or enhance competitive ability (13) and can lead to rapid bursts of diversification through occupation of new adaptive zones (2, 14) . Innovations such as the pharyngeal jaw of labroid fishes (15, 16) , which has evolved independently at least six times in this exceptionally diverse clade (17) , and the highly labile beak shape of Madagascar vangas (18) exemplify how such naturally selected novelties can have dramatic effects in both lineage and morphological diversification.
Although key innovations are a major component of adaptive radiations (1, 14) , their role in nonecological diversification has rarely been considered. One of the primary nonecological drivers of diversification is sexual selection, where signals used in mate choice or social competition can rapidly diverge, leading to reproductive isolation (19, 20) . There is growing evidence that sexual selection is an important but overlooked component in many recognized adaptive [e.g., cichlids (9, 10) and Hawaiian Drosophilids (6, 21) ] and nonadaptive radiations [e.g., Laupala crickets (22) and Xerocrassa snails (23) ]. Innovations that expand a lineage's perceptual environment have been suggested to facilitate this process. For example, neuroanatomical features allowing for novel communication modalities (24, 25) or visual receptors adapted to novel lighting environments (26) can affect the channels available for mate recognition and promote diversification. However, ornamental traits themselves could also differ in their ability to produce variation and respond to evolutionary forces, thereby directly influencing patterns of diversification. Ornamental traits can diverge even between allopatric populations living in similar ecological conditions and are crucial for maintaining reproductive isolation when in sympatry (27) . Therefore, traits that favor the rapid evolution of novel ornamental phenotypes can provide opportunities for divergent phenotypic evolution and rapid population differentiation.
Avian colors provide a unique opportunity to examine how proximate mechanisms constrain or enable the evolution and diversification of ornaments under sexual selection. For example, divergences in socially selected traits such as plumage color and song are essential components in avian diversification, but many clades are characterized by convergent and parallel evolution of plumage color and patterns (28) . Although commonly attributed to similar selection pressures, convergent evolution may actually reflect preexisting developmental bias arising from the mechanisms of color production and body patterning (28, 29) . Feather coloration results from two broad categories of mechanisms: pigments and structural colors. Pigments are highly constrained in their expression, with a narrow color palette that can be expanded only by evolving novel metabolic pathways (30, 31) . Not surprisingly, lineages with pigment-based colors are characterized by extensive phenotypic convergence in ornaments (32, 33) . By contrast, a wide array of structural iridescent colors is produced by nanometer-scale arrangements of keratin, melanosomes, and air within feather barbules. This modular template can produce a broad range of colors through minor alteration of its dimensions and organization (34) (35) (36) (37) . Birds have evolved several unique melanosome morphologies with additional structural parameters that can be independently modified to further alter color and that are associated with many classic examples of avian radiations [e.g., hummingbirds, birds-of-paradise, sunbirds, and trogons (34) ]. This extreme lability, coupled with the direct formto-function mapping of the nanostructural morphology to the color phenotype, makes iridescent colors an ideal trait with which to investigate whether key morphological innovations in ornamental evolution promote diversification.
We investigated the evolution of color-producing nanostructures and their effect on morphological disparity and lineage diversification in African starlings (Sturnidae), the only monophyletic avian group to display all of the melanosome morphotypes that have been identified in birds (38) . Sexual selection and social competition have been shown to drive the evolution of coloration in both males and females in this clade (39) . Moreover, iridescent colors may be sexually selected and involved in mutual mate choice in a variety of species in this family (40, 41) , suggesting a likely role for iridescent colors in mate choice and social competition (39) .
Results and Discussion
Most iridescent bird species, including non-African starlings, have solid rod-shaped melanosomes arranged in arrays beneath a keratin film (34, 38) and produce iridescence through thin-film interference (Fig. 1A) . Using transmission electron microscopy (TEM), we confirmed (34, 38, 42) three innovations in melanosome shape from African starling feathers that provide additional optically relevant parameters: (i) flattened melanosomes that allow melanin layers to be thinner and more densely packed or stacked to form multilayers; (ii) hollow melanosomes that provide sharp optical interfaces between air and melanin, the relative content of which can also be varied to influence color; and (iii) platelet-shaped (hollow and flattened) melanosomes that can form color-producing single layers, multilayers, or alternating platelet-keratin layers (Fig. 1A) . Importantly, each starling species has only one of these four morphologies of iridescenceproducing melanosome (38) .
We combined phylogenetic comparative approaches across a posterior sample of trees to test the hypothesis that the evolution of these novel traits drives color and lineage diversification in the group. Ancestral state reconstruction identified the typical, solid rod-shaped melanosome as the ancestral morphology of the African starling clade (Fig. 1B) . We then compared two models of melanosome evolution: in the first, transitions occurred only from the ancestral to the derived forms, but not vice versa (irreversible model), whereas in the second, modifications in shape and hollowness occurred independently and were reversible (stepwise model). Our results strongly support the irreversible model, indicating that melanosome evolution in this clade occurs in a directional manner from the ancestral to the three derived forms [2ln Bayes factor (BF) irreversible, 6.22; stepwise, 4.07; irreversible vs. stepwise, 2.15; Fig. 1B ]. This model is also supported when trait-dependent diversification is taken into account (see below). Thus, we show that an optically simple ancestral melanosome template has repeatedly evolved into more optically complex morphologies at least three times and that these derived forms transition among themselves, but never revert to the ancestral form ( Fig. 1B and Fig. S1 ).
Evolution of these morphological novelties had a marked effect on color diversification ( Fig. 2A) . We used avian visual models (43) to project the colors of African starling feathers in a colorspace defined by brightness (average reflectance) and two chromatic (wavelength-related) axes of variation ( Fig. 2 A and B) . We then tested evolutionary models (44) in which color evolves independently of melanosome morphology or not ( Fig. 2 C and D) .
In the latter models, color produced by different melanosomes is allowed to accumulate disparity at different rates and/or evolve toward occupation of different areas of the colorspace (i.e., different optimal values). Brightness evolution showed a melanosome-dependent pattern in which colors of derived morphologies are brighter than those produced by the ancestral morphology [α log(average reflectance) = 1.81, 95% confidence interval (CI) = 1.18-4.51]. Color disparity in the first principal component (PC1, the short-long wavelength axis; Table S1 ) accumulated through time with rates 10-40 times higher for the derived morphologies than for the ancestral melanosome morphology. In PC2 (the mid-to extreme-wavelength axis), colors produced by different melanosomes had both differential rates of evolution and different optima in colorspace (α PC2 = 3.76, 95% CI = 2.99-4.47). The ancestral rod-shaped melanosome lineages had an optimum closest to the achromatic center (unsaturated colors), with the derived morphologies, in particular the hollow ones, showing optima in more chromatic areas of the colorspace (Fig. 2 A, B , and D). Additionally, the two flattened melanosome morphologies had the fastest rates of color evolution.
These results demonstrate that, as hypothesized, the origin of novel melanosomes promotes both (i) occupation of previously unreachable areas of colorspace and (ii) accelerated accumulation of color disparity, thus underlying macroevolutionary patterns of ornamental trait evolution. Taken together with the directional mode of melanosome evolution, these results suggest that derived melanosomes act as an ornamental release of constraint, favoring signal elaboration and diversification (45) . Further, lineages with derived morphologies occupy a broader area of the colorspace as a combined consequence of different rates of hue disparity accumulation and higher optimal values of both saturation and brightness ( Fig. 2 A and B and Fig. S2 ). Therefore, irreversible changes to derived melanosomes favor the evolution of brighter and more saturated colors, consistent with predictions of a functional role in intraspecific communication through sexual or social selection that are otherwise constrained in expression due to a limitation in available forms. This melanosomedependent color evolution was observed across body patches and Arrow thickness corresponds to probability of transition being zero, with dashed gray lines indicating transitions with greatest probability of being zero ( Fig. S1 ; for trait-dependent diversification estimates of transition rates see Fig. 3 ).
in both males and females (Tables S2 and S3) , consistent with the idea that social competition has driven plumage evolution in both sexes in African starlings (39) .
Lineages with derived melanosomes also diversify faster (46) (Fig. 3 and Table S4 ). An irreversible model with a slowdown in speciation rates over time [compared with the best timeindependent model: ΔAICc = 13.16 (AICc, Second-Order Akaike Information Criterion); Fig. 3 A and B] and a greater average speciation rate in lineages with derived melanosome forms than in those with the ancestral morphology (compared with the best trait-independent model: ΔAICc = 3.82, Fig. 3 C and D) best explained speciation as a function of melanosome type. Thus, speciation in this clade can be described by two important aspects (Fig. 3) : (i) a slowdown in speciation that is general to all African starlings and (ii) greater speciation rates, controlling for time, for derived melanosomes than for ancestral ones. The timedependent component observed in this radiation (Fig. 3 A and B) is consistent with diversity-dependent dynamics where diversification rates are initially high as lineages colonize a novel environment, but subsequently slow down as ecological opportunities diminish (1). On the other hand, the higher average speciation rate observed for lineages with novel melanosomes (Fig. 3 C and D) likely reflects the heightened opportunity for diversification resulting from the enhanced ornamental variation that these labile traits provide. We also found the evolution of novel melanosome morphologies to be independent of social system evolution [MCMCglmm: estimate = 172.7, 95% CI = −223.3-705.06, Markov Chain Monte Carlo probability (pMCMC) = 0.36], suggesting that the opportunity for accelerated diversification was a consequence of ornamental evolvability and not due to the potentially confounding effects of the complex cooperatively breeding systems found in this clade (39) .
Divergence in social traits is ubiquitous in avian diversification, particularly in geographically isolated allospecies, where new and different phenotypes can accumulate in different populations (28, 47) . Neural network models suggest that, when new stimulatory signals arise in such populations, they can be favored and fixated even in the absence of initial divergence in perceptual systems or mating preferences, by exploring intrinsic biases in perception and recognition (48, 49) . This condition may be particularly important for birds, where sexual imprinting, learning flexibility, and generalization play a major role in species recognition and mate selection (50, 51) and where innate preferences for novel traits may be ubiquitous (28, 52) . This process is analogous to a mutationorder speciation process, where geographically isolated populations experiencing similar selection pressures can diverge by fixating different advantageous mutations (53, 54) , with the caveat that the social selective pressures themselves can evolve and diverge in response to these novel phenotypes (20, 55) . Stochasticity plays an important role in building up divergence in this process, but the selective advantages of these novel phenotypes in social and sexual selection distinguish it from drift (53, 54) . Together, these findings highlight that constraints on trait expression can limit diversity and disparity of ornamental traits. Although nonecological divergence between allopatric populations over time is expected, it will do so only as a function of the rate at which new phenotypes can originate in different populations (28) . In the African starlings, where sexual selection and social competition have been hypothesized to drive color evolution (39), we find that the influence of ornamental key innovations is essential to producing patterns of morphological and lineage diversification. Conserved or parallel mechanisms of iridescent color production in this clade can produce widely divergent phenotypes, and diverse innovations in melanosome morphology further enhance the rates of plumage color evolution and the breadth of achievable colors. Moreover, the stability of honest signals has been suggested to limit the role of sexual selection in diversification, because the preference for signals of individual quality would favor the evolution of a few convergent solutions (55, 56) . Because iridescent colors may be costly to produce (57-59) and maintain (60), the modular shared template of iridescent colors, which allows for the evolution of disparate phenotypes that share honest signaling properties, may be a unique example of a trait that can maintain honesty without hampering diversification.
If these allopatric populations establish sympatry, accumulated differentiation during allopatry may be crucial for the stability of new species. Intrinsic reproductive isolation in birds can take millions of years, and therefore prezygotic isolation mediated by sexual signals, which can occur over a much shorter timescale, is critical for rapid avian divergence (27, 47) . Such social signalmediated prezygotic isolation can occur even in the absence of ecological divergence (23) or change in sexual selection regime if ornamental traits are sufficiently labile (61) . Thus, the high evolvability of ornaments such as iridescent feather colors may facilitate the early divergence of ornamental traits crucial for rapid diversification in allopatry or the stability of recent species in sympatry, both in adaptive and in nonadaptive radiations (19) . In fact, in African starlings, sympatry seems to be more common in sister species characterized by derived melanosomes (e.g., Lamprotornis superbus, Lamprotornis albicapillus, and Lamprotornis unicolor are sympatric, as are Poeoptera femoralis and Poeoptera stuhlmanni) than in lineages with the ancestral morphology (such as the Onychognathus clade). Although the extremely dynamic African vegetation and climatic cycling that shaped African avifauna macroevolution (62) complicate inference of past distribution and the geography during speciation (63), these suggest a possible role for labile ornamental traits in maintaining stable, currently sympatric species after initial allopatric divergence. Phylogeographic studies in clades of both constrained and labile ornaments should test whether populations indiscernible by coloration have accumulated lower levels of genetic differentiation than color-divergent, derived melanosome sister species.
The influence of novelty in communication systems on diversification has been considered only in terms of innovations that expand a lineage's perceptual environment (24, 25) . Our results show that the evolvability of ornamental traits themselves, under preexisting communication channels, can play a major and largely unappreciated role in this process. Tests of key innovations (whether ornamental or not) do not preclude the influence of ecological or geographic factors driving diversification (12, 13, 64, 65) . Other effects, such as those encompassed by the time-dependent [and potentially diversity-dependent (11, 66) ] component of speciation, are probably acting in concert with sexual selection to produce the observed diversity of African starlings. Nonetheless, the origin and irreversible evolution of optically complex melanosomes show a remarkable influence on the accumulation of morphological disparity and lineage diversification. Thus, considering the proximate basis of ornament expression provides important insights into the role played by ornamental traits in adaptive and nonadaptive radiations. In the same way that key innovations and ecological opportunity have been pivotal for understanding why diversification rates vary under ecological speciation (1, 14) , key ornamental innovations provide a unique framework for how and when sexual selection should be expected to be an engine of diversification.
Materials and Methods
Phylogeny. We reconstructed phylogenetic relationships for all 113 starling species and five outgroups, using sequences from up to five mitochondrial coding genes and four nuclear introns (67, 68) . We followed the taxonomic suggestions of Lovette and Rubenstein (67) , with the exception of Lamprotornis elisabeth, which the International Ornithological Congress considers a species and whose markedly different coloration is informative to our analysis. We also conducted analyses excluding L. elisabeth, yielding qualitatively identical results (Figs. S3 and S4 and Tables S2-S4 ). We inferred phylogenetic relationships and branch lengths in a Bayesian framework in BEAST (69), using a relaxed molecular clock for mtDNA sequences with Passeriformes rates (70) as a normally distributed prior. Four independent MCMC chains were run for 3 × 10 7 generations, sampling every 3,000 after 20% burn-in.
We verified stationarity and convergence of independent chains, using split frequency distributions and correlations between chains, using the AWTY software (71) , and parameter effective sample sizes were checked to be greater than 200 with TRACER (69). We estimated the maximum clade credibility (MCC) (Fig. 1B and Fig. S1B ) tree and randomly subsampled 500 trees from the combined posterior distribution, pruned to the 48 African subclade species and standardized to a total clade root-to-tip distance of 1 for comparative analyses.
Melanosome Evolution. Although the morphology of African starling melanosomes has been described previously (34, 38, 42) , we confirmed these by examining transmission electron micrographs of at least one species per genus, as well as species from genera or clades reported not to share the morphology of their closest relatives. Feathers were collected from specimens from The American Museum of Natural History and prepared following standard procedures (72) . Table S4 ) across the posterior sample of trees. Shaded area represents the 95% highest probability density region for the parameter estimate. (B) Estimates for the time-dependent speciation rates for the ancestral (violet) and derived (green) melanosome morphologies. Lines represent the posterior mode estimates and shaded areas the 95% CI (pMCMC (λslope < 0) < 0.001). (C) Posterior probabilities for the speciation rate intercepts for ancestral and derived melanosome morphologies. Although estimates can be negative to provide the overall time-dependent estimate, they are treated as zero when the linear estimate reaches that value (violet line in B). (D) Difference between the estimates from C. The 95% highest posterior density does not overlap and is therefore greater than zero (pMCMC (λancestral > λderived) = 0.009).
We estimated melanosome ancestral states and transition rates between morphologies, using reversible-jump Markov chain Monte Carlo (RJMCMC) in BayesTraits (73) . We ran RJMCMC analyses on the sample of 500 trees, with exponential priors for transition rates with mean drawn from a uniform hyperprior (range 0−0.5), after tuning for adequate sampling and acceptance rates (73) . We ran five 10 8 -generation chains, sampling every 1,000 after 10 6 burn-ins, estimating ancestral states for all nodes in the MCC tree, accounting for phylogenetic uncertainty by using the most recent common ancestor approach (74) across the 500 posterior trees. We tested the stepwise and irreversible models of melanosome evolution by calculating the BF, using the ratio of posterior to prior odds (73) , derived by the frequency in which model variants were sampled in the posterior relative to their prior expectation as calculated from the expanded Stirling number. Bayes factors were compared in a 2ln scale, in which values between 2 and 6 are considered positive evidence against the null model, 6 and 10 are strong evidence, and values over 10 are very strong (75) . The RJMCMC approach has the advantage of thoroughly exploring both model and parameter space, but asymmetry in transition rates can be confounded by differences in trait-dependent cladogenesis (76) . Therefore, tests of irreversibility were confirmed under trait-dependent diversification models (Diversification Rates section).
Color Evolution. We measured reflectance from 747 museum skins of 47 of 48 African starling species (specimens of Onychognathus neumanni were not available, but its melanosome morphology has been described previously (42) and is similar to that of its congeners). Up to 10 male and 10 female (median 8.4) specimens in full adult plumage showing no signs of molt were measured from each species. Reflectance spectra were taken at coincident normal geometry from 10 plumage patches (Fig. S1B) , and additional color patches were measured when distinctly identified.
We represented colors using the avian colorspace model (43) in which reflectance spectra are converted to relative cone stimuli and projected in a tetrahedron, where each vertex represents one of the four cones characterizing avian color vision. The common starling (Sturnus vulgaris) visual system (77) was used to calculate stimuli from reflectance spectra under idealized illumination (43) . This is the sensory equivalent of a morphospace where similar colors fall in close proximity in the colorspace and disparate colors are far apart. Given that relative cone stimuli are often correlated, we conducted a principal component analysis to represent the colorspace in fewer orthogonal variables. This approach was preferred over analyzing commonly used chromatic values of hue and chroma (which are included in Fig. S2D ) for two reasons. First, hue measurements in tetrachromatic space are represented by angular variables, which cannot be adequately used in generalized Hansen models, and the variability of the species studied spanned the whole range of angular hue θ (Fig. S2 B and C) . Direct measurement of hue as the wavelength of peak reflectance of spectral curves was also complicated due to nonspectral colors (characterized by multiple peaks). Second, disparity in color phenotypes scales as a function of both hue and saturation, such that using these variables independently would not adequately capture phenotypic differences (Fig. S2A) . We used the first two components (PCs, accounting for 95.65% of original variation; Table S1 ), which were equivalent to a chromaticity diagram, but without assumptions of opponency mechanisms (78) . To represent plumage brilliance, we used the log-transformed average reflectance value of spectral curves. Color analyses were conducted using the R package pavo (79) .
To determine evolutionary regimes governing color diversification, we generated stochastic maps of melanosome evolution, using SIMMAP (80) for each of the 500 trees. We used these to test five evolutionary models of Brownian motion (BM) and Ornstein-Uhlenbeck (OU) processes in a generalized Hansen framework (44): single-rate BM (BM1), single-optimum OU (OU1), melanosome-dependent BM rates (BMS), OU optima (OUS), and OU with both melanosome-dependent rates and optima (OUMV). BM models are characterized by a rate (σ 2 ) indicating how fast disparity accumulates over time, and OU models have additional optima (the phenotypic value θ to which lineages are being attracted) and attraction rate (α) parameters. We included only species that had iridescent or eumelanic colors (that is, those expressing the material components necessary to produce iridescent color) for each patch in the color evolution analyses (Fig. S1B) . We chose a representative patch (male mantle) that was iridescent for the greatest number of species (46) and included most species with each melanosome morphology, obtaining maximum-likelihood (ML) parameter estimates for the five models for each PC1, PC2, and brightness across the 500 trees and stochastic maps. Fit of competing models was accessed using second-order AIC (AICc) (Fig. S3) . Finally, to assess the power of our analyses and identify the best, most parsimonious models, we conducted pairwise phylogenetic Monte Carlo comparisons (81) (Figs. S4 and S5 ). For the remaining body patches and female colors, we conducted model fitting and AICc selection, using the MCC tree ( Fig. S1B and Tables S2 and S3 ). Analyses were conducted using R packages OUwie (44) and phytools (82) .
Diversification Rates. To verify the robustness of asymmetrical models of melanosome evolution and test for melanosome-dependent diversification rates, we used multistate speciation and extinction (MuSSE) models implemented in the R package diversitree (46) . We considered model combinations based on the model of melanosome evolution (all transition rates allowed, irreversible, stepwise), transition rates (all rates different, all rates equal), trait-dependent diversification (melanosome independent, different speciation rates for ancestral and derived melanosomes, and different rates for each melanosome type), and time-dependent and time-independent speciation (Table S4) . We focused on speciation rates, because initial extinction rate (μ) estimates were virtually zero, resulting in net diversification (speciation minus extinction rates: r = λ − μ) approximately equal to speciation rates (λ), a common feature given the difficulty in estimating extinction rates from molecular phylogenies (66, 83, 84) .
We performed 5,000 independent ML estimations for each model, using random combinations of starting parameters (from a 0-5 uniform distribution) on the MCC tree (66, 85) . Models were compared using AICc (Table S4) . We then ran a MCMC analysis with 10 4 generations after 1,000 burn-ins with a uniform prior for all parameters (range −10-10) for the best model across all 500 posterior trees, combined for a total posterior distribution of 5 × 10 6 samples. We recorded the proportion of samples (pMCMC) where the slope of the time-dependent speciation rate was zero and where the speciation rate for derived morphologies was higher than the ancestral one (84) . Finally, to tease apart confounding effects of other aspects of social competition such as social system variation, we tested for the correlated evolution of melanosome morphology and cooperative breeding behavior (39) through a Bayesian phylogenetic mixed-effects generalized linear model implemented in the MCMCglmm package (86) . Our model included cooperative breeding as a binomial response variable (sensu ref. 39 ) and melanosome morphology as a binomial predictor (rod-shaped ancestral/derived, given that the best diversification model inferred no difference between the derived morphologies in speciation rates), with species identity weighted by the phylogenetic covariance from the MCC tree as the random effect (86) .
